Many prey species exhibit defensive traits to decrease their chances of predation. Conspicuous eye-spots, concentric rings of contrasting colours, are one type of defensive trait that some species exhibit to deter predators. We examined the function of eye-spots in Lepidoptera to determine whether they are effective at deterring predators because they resemble eyes ('eye mimicry hypothesis') or are highly salient ('conspicuous signal hypothesis'). We recorded the gaze behaviour of men and women as they viewed natural images of butterflies and moths as well as images in which the eye-spots of these insects were modified. The eye-spots were modified by removing them, scrambling their colours, or replacing them with elliptical or triangular shapes that had either dark or light centres. Participants were generally more likely to look at, spend more time looking at and be faster to first fixate the eyespots of butterflies and moths that were natural compared with ones that were modified, including the elliptical eyespots with dark centres that most resembled eyes as well as the scrambled eye-spots that had the same contrast as the natural eye-spots. Participants were most likely to look at eye-spots that were numerous, had a large surface area and were located close to the insects' heads. Participants' pupils were larger when viewing eye-spots compared with the rest of the insects' body, suggesting a greater arousal when viewing eye-spots. Our results provide some support for the conspicuous signal hypothesis (and minimal support for the eye mimicry hypothesis) and suggest that eye-spots may be effective at deterring predators because they are highly conspicuous signals that draw attention.
Introduction
The coevolution of predators and prey can lead to dramatic changes in phenotypic traits [1, 2] . 
'triangle light' and (7) 'triangle dark. ' The size of the black circles indicates the amount of time the subject was fixating on each location. The subject began looking at the bottom of each image before making a saccade to the moth or butterfly.
Material and methods

Participants
Twenty-three men and 16 women participated in this study at Duke University from November 2012 to March 2013. They were all of European heritage and between the ages of 18 and 30 years old (mean ± s.e.: 21.9 ± 0.41 years). We used flyers and e-mails to recruit participants. They earned $15 for their participation.
Butterfly and moth images
We obtained photographs of 70 species of butterflies and moths (table 1) that exhibit eye-spots on their wings from books and online sources. The 70 species belong to seven different families (Carthaeidae (1), Noctuidae (3), Nymphalidae (38) , Papilionidae (1), Riodinidae (6) , Saturniidae (20) and Sphingidae (1)). The eye-spots were markings on the insect's body parts that were circular and had concentric rings of contrasting colours. We isolated each 'original' image of a butterfly or moth and then centred it within a white image (1280 × 1024 pixels) such that the width of the butterfly or moth extended to the width of the white image (33.72 cm wide; ADOBE PHOTOSHOP v. 7.0; figure 1a). We then created a 'no eye-spot' image in which we covered all eye-spots with colours that were immediately surrounding the eye-spots (using the clone stamp tool in PHOTOSHOP) so that eye-spots were no longer present (figure 1b). Finally, we created five modified versions of each image by overlaying shapes atop the 'no eyespot' image in the exact region where the eye-spots had been located by using custom MATLAB (The Mathworks, Natick, MA, USA) scripts. (i) The 'scrambled' image was created by randomly repositioning every pixel within ellipses that covered each eye-spot (figure 1c). (ii) The 'ellipse light' image had two concentric ellipses atop the eye-spot regions, using a dark colour for the outer ellipse and a light colour for the inner ellipse (figure 1d). (iii) The 'ellipse dark' image was identical to the 'ellipse light' image except the dark ellipse was inside the light ellipse (figure 1e corresponding 'ellipse' images and were formed from equilateral triangles stretched to match the aspect ratio of the ellipses.
Experimental procedure
The experimenter (J.L.Y.) told participants that they would be seeing a series of images of butterflies and moths. They were instructed to imagine that they were outside searching for food and specifically looking to find butterflies and moths to eat. They saw seven blocks of images and each block included 70 images. The 70 images within a block included 10 images of each of the seven image versions ('original', 'no eye-spot', 'scrambled', 'ellipse light', 'ellipse dark', 'triangle light' and 'triangle dark'). Within an image block, a given species of butterfly or moth only appeared one time and was presented in a randomized order. Block order was randomized across participants. For each image, participants initially saw a white screen with a black dot that was located at the bottom. They used the mouse to click atop the dot so that they were initially fixating on an area where the butterfly or moth stimulus was not present. After clicking the mouse, an image of a butterfly or moth appeared for 3 s. To ensure that participants were actively engaged in the task, after the image disappeared, they had to indicate how likely they would be to select that butterfly or moth as a food source on a scale from 1 (very unlikely) to 10 (very likely). Given that primates, including humans, selectively forage for food [33] , we would expect them to exhibit preferences for different food items.
Eye-tracker
We used a Tobii T60 eye-tracker along with TOBII STUDIO 3.1 and 3.2 (Tobii Technology, Inc., Sweden) to present our images and record the gaze of participants (accuracy: 0.5 • ; data rate: 60 Hz; binocular tracking). We told participants that we were measuring their pupil size but did not tell them that their eye movements were being monitored until after they finished their trial. The images were displayed using 
Measurements and statistical analysis
Using a customized MATLAB program, we drew regions of interest (ROI) around each eye-spot region.
In the 'original', 'scrambled', 'ellipse light' and 'ellipse dark' images, the ROIs were ellipses that encompassed each eye-spot or modified eye-spot. In the 'no eye-spot' image, the ROIs were the same as the ROIs in the 'original' image of a given species even though the eye-spots were not visible. In the 'triangle light' and 'triangle dark' images, the ROIs were triangles that encompassed each modified eye-spot. For each fixation coordinate, we determined which ROI it fell within to determine whether the participant was looking at an eye-spot or modified eye-spot region. We calculated two metrics: the amount of time that elapsed before participants first fixated on the eye-spot or modified eye-spot region and the percentage of time (out of the entire time that the subject was viewing the image) that the subject was fixating an eye-spot or modified eye-spot region. We calculated Weber contrast using custom MATLAB scripts to determine the contrast between the eye-spot regions and the surrounding bodies of the insects. It was calculated as the difference between the mean pixel intensity of the eye-spot region and the mean pixel intensity of the surrounding body divided by the mean pixel intensity of the surrounding body [34] . We measured Weber contrast between each eyespot and the surrounding body; then we took the mean of the contrasts for each butterfly or moth image. We classified the images as having eye-spots that were darker than the surrounding body (negative Weber contrast) or lighter than the surrounding body (positive Weber contrast); we then calculated the absolute value of the Weber contrast to determine the magnitude of the contrast. We analysed our data in two steps using SAS (v. 9.3; SAS Institute Inc., Cary, NC, USA). First, we used a generalized linear mixed model (PROC GLIMMIX) to assess whether our independent variables influenced whether or not participants directed their gaze towards eye-spot regions. The independent variables included the treatment ('original', 'no eye-spot', 'scrambled', 'ellipse light', 'ellipse dark', 'triangle light' and 'triangle dark'), gender of the participant (male or female), the interaction between the treatment and gender of the participant, whether the image was a butterfly or moth, the phylogenetic family of the insect, the total number of eye-spots/modified eye-spots on an image, the mean percentage of surface area each eye-spot/modified eye-spot occupied out of the entire surface area of the insect ('relative surface area of eye-spots'), the mean distance between the head of the insect and the eyespots ('marginality of eye-spots'), contrast type (whether the eye-spots were darker or lighter than the surrounding body), the absolute value of Weber contrast, the interaction between contrast type and the absolute value of Weber contrast, and the edibility rating. Treatment and species name (table 1) were nested within subject identity, which was nested within gender, and were included as a random effects.
Second, we used linear mixed-effects models with repeated measures (PROC MIXED) using only the portion of data in which participants directed gaze towards the eye-spot regions (images in which the participants never looked at any of the eye-spot regions were removed so that underlying model assumptions were met). We examined whether the time viewing eye-spots/modified eye-spots and the latency to fixate an eye-spot/modified eye-spot were influenced by the same independent variables as used in the first step. Treatment and species name (table 1) were nested within subject identity, which was nested within gender, and were included as random effects. We examined all pairwise comparisons among treatments and created contrasts to evaluate these differences. Pairwise comparisons were considered significant if the p-value was less than the Bonferonni corrected values.
We also examined the relationship between pupil size (average of the left and right pupil) and the part of the butterfly or moth that the participant was gazing at (body versus eye-spot), treatment, luminance of the body of the butterfly or moth (mean pixel intensity of the body), luminance of the eye-spot regions (mean pixel intensity of the eye-spot region), gender of the participant, interaction between the gender of the participant and treatment, and the edibility rating. The perceived luminance may be slightly different from the pixel luminance because of properties associated with the computer screen [35] .
Results
The number of eye-spots on the butterfly and moth images ranged from two to 24 eye-spots (mean number of eye-spots ± s.e.: 5.8 ± 0.59). They covered approximately a tenth of the insect's body (mean ± s.e.: 8.8 ± 0.7%; range: 0.03-24.9%). Overall, eye-spots were fixated for approximately a tenth of the viewing time (mean percentage of time looking at eye-spot regions: 6.9 ± 0.12%) but the range was large (0-89.4%). The natural eye-spots on butterflies and moths were usually darker than the surrounding body and had a high contrast (mean Weber contrast ± s.e.: −0.12 ± 0.02; range: −0.45-0.26). The elliptical and triangular eye-spots with dark centres had the same contrast (mean Weber contrasts ± s.e.: 0.18 ± 0.03) as did the elliptical and triangular eye-spots with light centres (−0.42 ± 0.02). The 'scrambled' eye-spots and 'no eye-spots' had similar magnitudes of contrast but in opposite directions ('scrambled:'−0.12 ± 0.02; 'no eye-spot': 0.12 ± 0.02)
Probability of looking
The type of treatment ('original', 'no eye-spot', 'scrambled', 'ellipse light', 'ellipse dark', 'triangle light' and 'triangle dark') influenced whether participants looked at eye-spot regions or not (figure 2a and  table 2 ). Participants were more likely to look at the eye-spot regions in moths compared with butterflies. They were also more likely to look at the eye-spot regions when there were more eye-spots, the mean surface area of the eye-spots was greater, and the eye-spots were closer to the head of the insect. Participants were more likely to look at eye-spot regions that were darker than the surrounding body but the magnitude of contrast did not affect whether participants looked at eye-spot regions or not. Participants indicated that they were more likely to select the butterfly or moth as a food source when they looked at the eye-spot regions.
Participants were more likely to look at the eye-spot regions in images that exhibited natural eye-spots compared with images with no eye-spots or modified eye-spots ('scrambled', 'ellipse light', 'ellipse dark', 'triangle light' and 'triangle dark'; table 3 and figure 2a). They were statistically less likely to look at eyespot regions in the images lacking eye-spots compared with all other images. The scrambled eye-spots were more likely to draw attention than the elliptical or triangular eye-spots. Participants were not more likely to look at the elliptical and triangular eye-spots with dark centres compared with light centres. Table 2 . The effects of variables on whether the participants looked at the eye-spot regions or not ('probability look'), the amount of time participants spent looking at the eye-spot regions ('time looking'), and their latency to fixate the eye-spot regions ('latency to fixate'). Asterisks indicate whether the comparison is significant. 
Latency to fixate
The latency to initially fixate an eye-spot region depended on the treatment (table 2 and figure 2b). Participants were quicker to look at the eye-spot regions of moths than those of butterflies. They were faster to fixate eye-spots when there were more eye-spots, the mean surface area of the eye-spots was greater, and the eye-spots were closer to the head of the insect. The contrast of the eye-spots did not influence latency to fixate the eye-spot regions. The latency to fixate eye-spot regions was unrelated to participants' indication of whether they would select the butterfly or moth as a food source. Participants were faster to detect the eye-spot regions in the images that exhibited natural eye-spots compared with images with no eye-spots or modified eye-spots (with the exception of ellipse 'ellipse light'; table 3 and figure 2b). The eye-spot regions in the 'scrambled' images were also more quickly detected than those in the 'triangle light' images. Similar amounts of time were spent looking at elliptical and triangular eye-spots regardless of whether the inside of the respective shapes was light or dark coloured, with the exception of 'ellipse light' and 'triangle light'.
Time looking
The amount of time that participants fixated eye-spot regions varied depending on the treatment (table 2 and figure 2c). They directed more attention towards the eye-spot regions when there were more eyespots, the mean surface area of the eye-spots was greater, and the eye-spots were closer to the head of the insect. Neither the type of contrast nor the magnitude of contrast was a significant predictor of the amount of time participants fixated eye-spots. Participants indicated that they were more likely to select the butterfly or moth as a food source when they spent more time looking at the eye-spot regions.
Participants spent more time looking at the eye-spot regions in the images that exhibited natural eye-spots compared with images with no eye-spots or modified eye-spots (with the exception of scrambled eye-spots). They spent less time looking at eye-spot regions in images that lacked eyespots compared with 'scrambled', 'ellipse dark' and 'ellipse light' images. They directed more attention towards 'scrambled' eye-spots than the other modified eye-spots.
Pupil size
Pupil size was related to treatment (F 6,256 = 5.12, p < 0.0001), luminance of the body of the butterfly or moth (F 1,4829 = 454.9, p < 0.0001) and the part of the butterfly or moth that the participant was gazing Table 3 . Pairwise comparisons across treatment groups for whether the participants looked at the eye-spot regions or not ('probability look'), the amount of time participants spent looking at the eye-spot regions ('time looking'), and their latency to fixate the eye-spot regions ('latency to fixate'). Asterisks indicate whether the comparison is significant using a Bonferroni correction (p-value = 0.05/21 comparisons = 0.002). at (F 1,17000 = 13.42, p = 0.0003), but unrelated to the gender of the participant (F 1,37 = 0.50, p = 0.49), the interaction between the gender of the participant and treatment (F 6,211 = 1.04, p = 0.40), the luminance of the eye-spot regions (F 1,10000 = 3.35, p = 0.067) and the edibility rating (F 1,11000 = 1.11, p = 0.29). Pupil size was larger when participants were gazing at the eye-spot regions compared with the surrounding body (LSMean ± s.e.: eye-spots: 2.68 ± 0.046 mm; body: 2.67 ± 0.046 mm) but was smaller when the luminance of the body was bright.
Discussion
Even though the eye-spot regions only occupied a fraction of the butterfly or moths' bodies, they still attracted large amounts of attention. Humans were more likely to look at the natural eye-spots of butterflies and moths than the eye-spots of butterflies and moths that had modified eye-spots (scrambled, elliptical or triangular). They were faster to initially fixate the eye-spots of butterflies and moths with their natural eye-spots compared with butterflies and moths that had modified versions of eye-spots, except for the elliptical eye-spots with light centres. They also spent the most time looking at eye-spots of butterflies and moths with their natural eye-spots compared with butterflies and moths that had modified versions of eye-spots (with the exception of the scrambled eye-spots). They were not simply looking at eye-spots because they were located in salient positions on the insects. When the eye-spots were removed, participants had a lower probability of looking at the eye-spot regions compared with when the natural eye-spots were still intact. Interestingly, participants' pupil sizes were larger when they viewed the eye-spot regions compared with the rest of the butterfly or moth body, indicating a greater arousal level (potentially due to intimidation) when viewing eye-spots. We found mixed support for the conspicuous signal hypothesis, which posits that eye-spots are effective at deterring predators through intimidation because they are highly salient signals [15, 16, 20] . The natural eye-spots of the butterflies and moths did not have the highest contrast levels compared with the other modified eye-spots. Despite this, they still attracted the most attention and humans were generally quickest to fixate them compared with the eye-spot regions of butterflies and moths lacking eye-spots or exhibiting modified eye-spots. Furthermore, eye-spots with scrambled pixels had the same contrast as natural eye-spots but humans directed less attention towards the scrambled eyespots compared with the natural eye-spots. Interestingly, the natural eye-spots of butterflies and moths were usually darker than the surrounding body of the insect and had a high contrast (large and negative Weber contrast). Previous research in humans shows that luminance decrements (i.e. negative Weber contrast) are more visually salient than luminance increments (i.e. positive Weber contrast) [36, 37] , and contrast may therefore be contributing to eye-spot salience but not driving its effect.
The number, size and marginality of eye-spots affected gaze behaviours. Humans were more likely to look at eye-spot regions, be faster to look at eye-spot regions and spend more time looking at eye-spot regions when the butterfly or moth had more eye-spots and those eye-spots were larger. Consistent with this gaze behaviour, Stevens et al. [20] found that artificial prey exhibiting more eyespots and larger eye-spots were more likely to survive than prey exhibiting eye-spots with opposite properties. This suggests that predators' visual attention towards numerous and large eye-spots impacts predator hunting success. Numerous and large eye-spots may overload the sensory system of predators, supporting the conspicuous signal hypothesis [16] . In addition, participants spent more time looking at eye-spot regions and were faster to first fixate eye-spot regions when the eye-spots were located closest to the heads of the insects, suggesting that marginal eye-spots are not the most effective at drawing predator attention and may therefore have limited effects on deflecting attack [24] .
We found minimal support for the eye mimicry hypothesis, which states that eye-spots are effective at reducing predation through intimidation because they resemble the eyes of real predators [14] . Participants had a higher probability of looking at natural eye-spots and spent more time looking at natural eye-spots compared with elliptical eye-spots (with dark centres) that also resembled eyes. In addition, participants spent similar amounts of time looking at and initially fixating elliptical eye-spots regardless of whether the inner ellipse was dark (and thus more closely mimicked a real eye) or light. Eye-spots with scrambled pixels, which did not resemble eyes except in their elliptical shape, attracted more attention than elliptical eye-spots with dark centres. Furthermore, elliptical eye-spots with dark centres did not have higher probabilities of being fixated and were not fixated for longer amounts of time than triangular eye-spots with dark centres, the latter of which did not resemble eyes in shape but exhibited similar contrast levels to the elliptical eye-spots. Therefore, the resemblance of eye-spots to real eyes seems unlikely to be the driving factor for attracting or maintaining attention because more eye-like stimuli (elliptical eye-spots with dark centres) did not attract more attention than less eyelike stimuli (elliptical eye-spots with light centres, triangular eye-spots and scrambled eye-spots; albeit natural eye-spots did attract more attention than any of these modified eye-spots [15] ). Similarly, avian predators were deterred by eye-spots regardless of whether the eye-spots were more or less eye-like [38] . An experiment probing the cognitive biases of starlings also failed to find support for the eye mimicry hypothesis: starlings did not show an increased aversion to eye-spots after being exposed to alarm calls, suggesting that they did not categorize the eye-spots as a threat [39] . Future experiments using modified eye-spots that more closely resemble the eyes of real predators (rather than using simplified ellipses; see also [20] ) would be informative to further probe this hypothesis.
The visual systems of predators can significantly impact their abilities to detect and capture prey. Predators may be unable to see certain wavelengths that prey use when signalling with each other [40, 41] and this may decrease the predators' abilities to detect that prey. Predators may also fail to note prey that mimic environmental features [42] or blend in with their environments [43] . Alternatively, predator
